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This research addresses the integrated product development process of Wave.hat: Brainwave detecting 
smart hard hat for construction workers. The project was initiated in June 2019 as a university-
industry cooperation project between Creative Design Engineering Department of Ulsan National 
Institute of Science and Technology, and Ulsan local startup HHS co. The motivation for developing 
Wave.hat was to decrease the fatal accidents. South Korea had the highest rate of fatal accidents at 
construction sites, according to the OECD factbook 2016 (OECD, 2016). Originally, the main object 
of this project was to implement EEG sensors into the hard hat. But as the research continued, we 
found it necessary to include many other components, such as IMU sensor, Thermo sensor, and LEDs. 
Such decisions regarding the design of Wave.hat were driven by a thick user research, including 
Focus Group Interview, Fly-on-the Wall, and Contextual Inquiry. The data gathered from those user 
research methods were then analyzed through a Dimensional Themes’ Matrix, which is a method 
invented internally in design team to transform the data synthetically. We used such methods to 
overcome the difficulty to obtain rational insights through the Affinity Diagram, a conventional data 
analyzing method for designers. Based on the user research, the whole research team was divided into 
several groups to design the physical product and also the digital product and the electronic 
components. Specifically, this thesis will address the process of the physical product, Wave.hat, which 
is the main part of this university-industry cooperation. However, because all design teams should aim 
a unified goal, a leader was needed to integrate all the solutions. The leader of this project (Project 
Manager) is the author. He has engaged in this project with base knowledge of Industrial Design and 
Design Engineering to perform integrated design leadership generating design-driven innovation. In 
this thesis, the integration between the Engineering department and the Industrial Design department 
will be illustrated. In Chapter 3, it covers how the three concepts (Ergonomic, Functional, and 
Symbolic) of Wave.hat were generated. Chapter 4 covers how they are processed through many 
iteration phases with two aspects (Detail Design and Design Validation). The development process 
was conducted to narrow down the gap between design research and design practice. This 
documentation will hopefully provide a case for designers engaged in similar situations. 
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Chapter 1: Introduction 
 
An industrial design project based on university-industry collaboration often involves a large part of 
the whole product development process. This can be a challenge, because today’s industry requires 
designers to not only excel in classic skillsets of design but also acquire professional 
entrepreneurships (Schneorson, Persov, & Bigger, 2019). Since a normal university-industry 
collaboration project requires graduate research assistants to either focus on design research or the 
design practice, we often witness a gap between the two. An intermediary developer, who can 
translate between the abstractions of research and the practicalities of practice, can help overcome 
some of these problems (Norman, 2010). 
This thesis will introduce the product development process of a smart wearable device. Developing 
this product involved a certain portion of the design process and a certain portion of the development 
process: from user research through defining form, function and engineering design specification to 
creating a working prototype. This project was led by the author of this paper (a designer) taking a 
role of an intermediary developer as described by Norman (2010). This role required him to manage 
the whole process to successfully create an outcome. The author as the manager had to opportunity to 
initiate design-driven innovation, which most non-design mangers of an industrial project would be 
reluctant to risk (Verganti, 2009). Additionally, this research was conducted in an approach to improve 
design performance of the smart wearable device with multiple trials and errors, which is a design 


















New technologies are constantly being developed to a stage where they can be implemented into new 
products. New technologies of physiology data detecting sensors are also being introduced into 
commercial markets. These technologies cover detecting heartbeats, muscle contraction, brainwaves 
and more. The sensors that detect brainwave data, called the EEG(Electroencephalography) sensors, 
will be the main topic of this thesis.  
There are increasingly more commercial electronics with EEG sensors, such as BrainBit, Neurosky, 
and Muse 2. Even so, these have only recently been launched into the industry, which suggests that 
the market for brainwave technologies has a lot of space for development. 
Many venture enterprises are starting to look toward brainwave technology. It is estimated that the 
market size of EEG equipment will increase up to $1,999 million by 2026 from $1,404 million in 
2018 (Sanjivan Gill, 2019). One start-up company of EEG equipment is located in Ulsan, South 
Korea. They have requested our design research team to design and develop their new EEG detecting 
smart hard-hat for construction workers. 
1.2 Opportunity 
The construction workers are exposed to various hazardous environments, such as dealing with heavy 
objects and high height working sites. They are required to overcome these situations and continue 
repetitive heavy liftings. As per South Korea’s Industrial safety management satin, the accident rate of 
construction industry was 1.75 times higher than the overall industry’s accident rate, and the death 
rate was 3.19 times higher in 2017 (National Statistics Portal – South Korea, 2019). One of the 
commonly known reasons is high-performance pressure, which pushes managers and workers for 
more performance results on the site. Also, there is a lack of appropriate safety systems, awareness 
education programs, and safety supervisors. 
To tackle this problem, the start-up company HHS co. requested to develop and design an EEG 
detecting smart hard-hat for construction workers. With the EEG sensor, the hard-hat can monitor 
wearers’ brain condition, predicting and alerting human-caused accidents by analyzing the data. The 
purpose of the EEG technology into a safety hard-hat is to decrease the accident rate in construction 





Figure 1. Initial safety management concept scenario using smart hard-hat. 
There have been suggested other solutions for this problem. Park et al. (2015) and Shrestha et al. 
(2015) have suggested a hard hat detection system, which detects whether the worker is wearing a 
hard hat. But they also mentioned the limitation of its vision-based design. Arcayena et al. (2019) and 
and Rosenberg et al. (2016) suggested safety smart hard hat systems that embed electronic 
components inside. But the studies were conducted up until validating the electronical components 
functions rather than developing the product, which includes the integration of the products aesthetics 
and structures. Additionally, Dhole et al. (2019) and Li et al. (2014) embed EEG sensors within the 
head mount products, validating the use of such technology for safety use, thus more robustly 
justifying the development of this product . 
The advantages of using EEG technology is as follows. First, the supervisor will be able to moniter 
the condition of each construction site worker before and during worktime. Supervisors can also be 
notified of any abnormal condition of construction site workers before any major accidents occur. 








1.3 Problem Statement 
HHS co. has already developed basic components that detect EEG signals, a modular piece that can 
be installed into any safety hat in the market (Fig. 2). As the company wished to further extend the 
functions of their product, they decided to implement this modular device into the hard-hat itself to 
make a single-body smart hard-hat. This is because the modular design was hard to install into the 
hard hat and had other nonnegligible safety issues, and also in order to enter the premium market of 
hard-hat industry, making the product attractive for investment. However, the company did not have 
any human resources for design development, which is required in the early product development 
phase. Thus, they decided to seek external help. 
 
Figure 2. The company’s previously developed modular product of smart hard-hat. 
1.4 Objectives 
The initial goal of this task was to design and develop a smart hard-hat that collects brainwave data 
from the forehead, helping the supervisors easily determine the propriety of the workers’ condition at 
the construction site. Specifically, four outcomes were required from this project (Table 1). 
The author of this paper was assigned to two requirements among those in Table 1: Ergonomic smart 
hard hat design and detail modeling and starting prototype of smart hard hat and integrated design. 
The other two tasks were assigned to other designers. In addition, the author’s role was to manage the 
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1.5 Design Approach 
To tackle the task, three routes were made based on the project’s required outcomes: 1) Ergonomic 
smart hard hat design and detail modeling; 2) Electronical component design and development; and 3) 
Smart hard-hat product service system design, as shown in Table 1. Because the user research phase 
must come initially in the task, the plan was to root out three requirements after the research phase 
and assign them to each design team. The author of this paper was assigned to do route 1 and the last 
required outcome, 4) developing Prototypes of smart hard hat and integrated design. Because required 
outcome (4) was about combining the results of 1,2 and 3, it was assigned to the last phase of the 
design. This plan (Figure 3) was created to efficiently handle each design part by a parallel working 
process instead of a linear process. However, during the task, it was discovered that the design 
approach illustrated in figure 3 was insufficient to illustrate the iteration process of the design. 
 
Figure 3. Initial design approach of Wave.Hat Development. 
As previously noted, the design process of Wave.Hat was an integrated design process of industrial 
and engineering design with many design iterations (Figure 4). One sub-task of the required outcome 
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routes had an indispensable effect to another. For instance, the first electronical component design had 
to be discussed in line with the function concepts, because the function concept will be meaningless 
without the realization of the electronical component. This shows that in the initial phase, a design 
research is completed and combined at the end of the phase, but during the iteration phase, multiple 
integrations emerge during the process, making it more complex. 
Figure 4. Design approach of Integrated design Process in Wave.Hat Development. 
This thesis describes how the design was developed accompanied with multiple integration events 
during of Wave.hat development. It focuses mainly on the three layers of designs: Function, the 
Ergonomic and Symbolic design, and the final integration of the outcomes through adopting an 
integrated design process of industrial design and engineering design.  
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Chapter 2: User Research 
The initial phase of the design was user research. In order to understand the users, we collected data 
from the users using multiple research methods: Focus group interview, Fly-on-the-wall, and 
Contextual inquiry. Afterwards, the collected user data was analyzed, initially through affinity 
diagram, and subsequently a Dimensional Themes’ Matrix, a user data analyzing tool invented 
internally during this process.   
This chapter will discuss the background of the integrated design process, a user research phase. No 
integration among different task groups happened during this phase. They were rather executed in a 
cooperative manner. Since this process was to be the foundation of the smart hard-hat design, it was 
covered in the initial phase of the design process. 
2.1 User Definition 
Although the user of the product was already determined, we also had to determine the specifics of 
the user. To perform this task, multiple materials were consulted, such as the various types of safety 
hard-hats on the market and the different user pools of the hard-hat wearer. This resulted in the lists of 
the specific target groups and the target prices of the product (Table 2). Selecting the most common 
user pool was judged reasonable, however, considering the company who requested this design of the 
product was planning to target a broader range of clients.  
Table 2. User and Hard-hat types. 





Workers at construction site are 
obligated to wear safety hat when 
they are working and exposed to 
sunlight due to outdoor environment. 
They usually work in groups. 
A The most common type of hard 
hat. Prevents the damage from 
falling objects.   
Elevator 
Maintenance 
Workers for the elevator maintenance 
are considered professionals in 
certain area and move from one place 
to another depending on what they 
are assigned.  
AB It not only prevents accidents 
from falling objects but prevents 
the damage caused when workers 
fall to the ground.  
Factory Workers Workers in the factory wear safety 
hat depending on what their usual 
tasks are. Sometimes they wear 
plastic hat instead of safety hard-hat. 
AE It not only prevents accidents 
from falling objects but prevents 
the damage caused from 
electrification.  
Safety Inspector Safety inspector does not always go 
to the site, but they do occasionally. 
ABE This type of hard hat covers all 
the damages mentioned above – 
falling objects, falling injuries, 
electrification.  
Electrician Electricians wear a specific hard hat 




The construction site workers were selected among the target groups. This was because the access to 
those users was convenient and they were assumed to be the most common user pool by the 
requesting company. And as for the type of the hard-hat, type ABE was selected as it withstands all 
sorts of damages occurring from outer environments. 
2.1.1 User Study 
This project’s aim was to design a smart hard-hat for the safety of the on-site construction workers. 
The danger from the objects falling from a high floor construction environment is one of the most 
common accidents. The common construction sites are vast, making it inefficient for safety 
supervisors to have an eye on every site-workers. One of the key features of Wave.hat is to detect 
users’ brainwaves from their foreheads and transmit them to a main server via Bluetooth module. The 
goal was to encourage safety managers in a real-time environment to understand the physical and 
psychological health needs of site workers. We performed user research by interviews with three 
stakeholder groups and arranged observations to clarify the users’ needs and the conditions of the 
construction site. Initially, the data obtained from the consumer study was interpreted into an affinity 
diagram, and subsequently the dimensional themes’ matrix was designed to systematically classify the 
processed data. The following sections present the specifics of the procedures and instruments. 
2.1.2 On-site Worker/Supervisor Interviews 
Three groups of stakeholders were interviewed: one inspector, two safety managers and four site 
workers. The basic details of the groups are provided, as shown in Table 3. 
Table 3. Basic information of interviewees. 
 Inspector Safety supervisor Site-worker 
Number of 
interviewees 




Filed supervision Construction work 
Term of office Over 20 years Over 10 years Over 15 years 
 
The primary content of the interviews was related to construction site management and the 
accessibility of safety hard hats. All the speech communication was recorded and transcribed later. 




Figure 5. Focus group interview with (a) safety supervisors, (b) inspector, and (c) site-workers. 
2.1.3 On-site Observation / Contextual Inquiry 
The project team reached the construction sites for contextual inquiry after completing the interviews. 
From morning routine to lunchtime, and afternoon job to off duty, the observation broke into two 
stages. Two major operations on the building site were carried out concurrently. The design team 
broke into two groups of two individuals and observed all work sites and exchanged the observation 
site after lunch. The entire working phase was observed by shadowing and fly on the wall, which are 
multiple techniques of observation. In the meantime, some tasks undertaken by site-workers were 
photographed, such as severely bending their waist, and some of the problematic points were 
documented by memo and sketches. The operations of the workers on the site are seen in Figure 6. 
 
Figure 6. Photographed observation data from (a) inquiry, (b) working to (c) wrapping up. 
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2.2 Analyzing the User Data 
2.2.1 Affinity Diagram 
The two sets of raw data, including transcript data and field research images to perform affinity 
diagrams, were printed after the data collection was complete. The process of categorizing and sorting 
all raw data based on correlations and keyword coding for each category was necessary (Algozzine & 
Haselden, 2003). The original keywords map data using an affinity diagram as shown in Figure 7. 
 
Figure 7. Initial keyword-data mapping using affinity diagram. 
Using the affinity diagram, it was difficult to classify the data adequately and accurately. The duality 
of data and the lack of connectivity of keywords from the affinity diagram were two main problems. 
Specifically, more than one keyword may belong to such data, which degrades the legitimacy of data 
placement. It promotes the multidimensional sense of the data and hinders the rational classification 
of the knowledge inside the affinity diagram. This affinity diagram was concluded to be difficult to 
recognize the structural design problems involved in the data. A method was required to solve such a 
problem that could logically map the keywords onto the details. The limitations of the affinity 




Figure 8. Limitation of affinity diagram identified by the design team. 
2.2.2 A Dimensional Themes’ Matrix 
The initial goal was to find connectivity between the extracted keywords. These keywords were split 
into two themes: conditions that occur during fieldwork and consumer expectations related to hard hat 
usability. 





















Then, in order to build a two-dimensional matrix, the needs-based keywords were placed on the row 
and situation-based keywords on the column. Situation-based keywords were classified in 
12 
 
chronological order. Cells have been generated in the matrix that generate the two keywords, one from 
the row and the other from the column, intersecting each other. All data corresponding to both 
keywords was placed for each cell. 
2.2.3 User Interpretation 
The mapping method systematically highlights the issues that the data may have. With the 
development of the matrix, it was possible to more accurately evaluate the challenges and needs 
encountered by the user. We were able to match the problems listed in the interviews to the specific 
circumstances where the problem occurred. Furthermore, by comparing the sum of data stored in each 
cell, it was possible to identify the value of needs resulting from a specific circumstance. In terms of 
importance, those cells that contain a significant number of data have been specially labelled, because 
the condition and the requirement that the cell indicates are judged to be regularly mentioned by 
different users. It was eventually determined as critical variables that should be intensively considered 
during the process. Any of the questions and observations from each cell were pointed out. Figure 9 is 
the dimensional themes’ matrix.  
 
Figure 9. Dimensional theme’s matrix, situation-based theme keywords on row and needs-based 





In the Human-Centered Design approach (Zoltowski, Oakes, & Cardella, 2012), designers use 
different techniques of user analysis to define user data, such as user needs and contexts. They use 
interviews and observations regularly in this process. Interviews help moderators define conflicts by 
contact with users at an explicit level of knowledge. In observations, researchers define latent needs 
by observing the each action of the users at a degree of behavioral knowledge. Through continuously 
analyzing data specific to the users, designers can recognize user needs and contexts. It helps to 
identify design challenges and set the course of the solution. Feasible and reliable tools and methods 
are necessary to derive useful knowledge from a large volume of data. As such, designers use affinity 
diagrams to inductively interpret qualitative data. The affinity diagram is a method that clusters data 
for each category based on keyword similarities and codes (Plain, 2007). The implicit information and 
structural connections of data was established by designers using the affinity diagram (Holtzblatt, 
Wendell, & Wood, 2004). Designers are then expected from the affinity diagram to consider and 
analyze user context, user needs, and challenges, so-called insights, to favor the user by increasing 
product usability (Babbar, Behara, & White, 2002). However, in many situations, drawing 
observations only within the affinity diagram is a constraint. This flattens multidimensional data into 
one-dimensional groups, which makes it difficult to identify keyword connectivity (Alloway Jr, 1997). 
A new approach for evaluating the multidimensional nature of data is needed for the definitive 
analysis of data. 
An efficient approach for reviewing user research data for a case design project has been described in 
this chapter. The methodology provided implies detailed study of the outcomes of the affinity diagram. 
It is important to put multi-dimensional user research data on a map and show the relationship 
between them to distinguish structural design problems from user research data. A stereoscopic 
processing of the data that was flattened after performing the affinity diagram was carried out to 
accomplish this. The dimensional themes’ matrix was helpful in placing and incorporating the multi-
layered data on the map. This helped to simultaneously understand user needs and context. It thus 
helped recognize the complex problem structures of the data, which were difficult to find out with the 
affinity diagram. The dimensional themes’ matrix used to map the keywords and the two-dimensional 
matrix of user research data. If the number of keyword themes increases by more than two, more 
complex matrices will be needed. For example, with three themes, three 1X1 variations of the 
matrices can be constructed. There is a need to further discuss an appropriate means of drawing a high 
degree of dimensional matrix. It can be said that this approach can also be used to support the process 





Chapter 3: Concept Generation Phase 
Based on user analysis through dimensional themes’ matrix, we generated the concept of the product 
in several branches: 1) Functional Concept, describing the basic functions of the product; 2) 
Ergonomic Concept, describing the key ergonomic factors of the design; and 3) Symbolic Concepts, 
describing the overall symbolic features of the design, mostly the aesthetics and its interpretation 
towards the user. And in this chapter, the integration occurred so that what was witnessed internally 
will be addressed.   
The functional concept of the design began with benchmarking other smart hard hat concepts and the 
ones already in the market. One of the products was a smart hard hat accessory designed for the 
factory workers at the POSCO company. Such product was observed to gain insights on the basic 
functions a future EEG detecting smart hard-hat should have.  
Based on the basic study on the structure of the hard hat and other smart hard-hats, the functional 
concept was developed through designer workshops. Multiple design function concepts were 
developed combining the basic structure of the hard hat and basic functions that EEG detecting smart 
hard-hat should have.  
The ergonomic concept of the design was to establish the basic key ergonomic features of the product. 
This can be divided into two basic ergonomic fields, physical ergonomic and cognitive ergonomic. 
The main features include the reduction of the muscle fatigue caused by the weight of the hard hat, 
and the ventilation of the hard hat to reduce the stress caused due to harsh over-temperature 
conditions. As for the cognitive side of the design, the representation of the wearer’s condition was 
made to be expressed through light emission, so that the co-workers near the smart hard-hat wearer 
can be notified accordingly.  
Lastly, in the symbolic concept development phase, a logical gap of the process was witnessed, where 
the key insights of the product generated from the user research phase has lost its strength and created 
desynced concepts. The phenomena were labeled as broken chain situation. Based on the 
understanding of the situation, a new approach to the keyword generation method is introduced, an 
integrated keyword mapping process, a method to logically include the keywords from the user 
research phase and add designer driven keywords and mixing them into one keyword map. In this 
chapter, the process and the result of such process will be addressed.   
During the three different concept generation periods, multiple integration among different design 
groups occurred, which will be explained during this chapter. Based on the integration, a product 
layout was established, combined with all three concepts: Functional, Ergonomic, and Symbolic. 




3.1 Functional & Ergonomic Concept Design 
After the user research data analysis and before going deep into the concept generation phase, basic 
studies of both the safety hard-hat and smart hard-hat were covered. To understand the basic concept 
of the original hard-hat, multiple hard-hats on the market were purchased and their specific structures 
were observed. There are two parts of the most basic hard-hat. One part includes the internal laces. 
The laces include the ones that tighten the head for fastening the hard hat, the ones that cover the top 
on the head to ensure the space above the user’s head for suspension in case of outer impact towards 
the head, and the ones that fasten the chin to prevent hard-hat from falling off the user.  
 
Figure 10. The basic structure of the safety hard-hat. (Source: Industry Information Portal – South 
Korea, 2017) 
Several key features of the hard-hat were established so that when designing the new EEG smart hard-
hat, the features would not be lost during the design process. In other words, the key features found 
during this process were the essential functions of the hard hat. When studying the smart hard-hats on 
the market, it was important to distinguish the functions those that are essential and those that are not.  
One of the main studies of original hard-hat was the POSCO industry’s hard hat. The product manager 
explained the basic functions of the product and has also mentioned about the limitations and 
specification requirements. The product was designed to attach to the original hard hat, whereas the 
EEG smart hard-hat was intended to be a hard-hat itself. The main functions of the POSCO’s smart 
hard-hat accessory were CO2/O2 Detection Sensor, Cooling Plate, LED, Camera, Phone Call Speaker, 
and Emergency Button. Additionally, the POSCO Smart hard hat had stopped its development due to 





Figure 11. POSCO’s Smart hard-hat accessory. 
The concept requirements were made to set the objective of the Smart hard-hat design using the data 
analyzed through Dimensional Theme’s Matrix, and the information gathered through market research. 
The concept requirements were divided into two sections: functional concept requirements and 
ergonomic concept requirements. The two requirements are divided based on whether it has the 
human perspective criteria for determining the fulfillment of the requirement. For example, in Table 5, 
the specific functional concept requirement in row 3, fasten strap – head, can be judged whether it 
functions mechanically and fulfills the requirement. On the other hand, the ergonomic concept 
requirement for the same part of the product, in row 3, easy strap on – head, can only be considered 
successful if the user finds it easy to use. 
Table 5. Functional and Ergonomic Concept requirements. 
Functional Concept requirements Ergonomic Concept requirements 
Lightweight Ventilation for Comfort 
Protection Easy Strap on – head 
Fasten strap – head Easy Strap on – chin 
Fasten strap – chin Comfortable strap material - forehead 
EEG Detection – 2 Channel Comfortable strap material – chin 
Ref, GND Detection – 1 Channel Each … 
Power Supply  
Wireless data transfer  
Charging module  
…  
 
3.1.1 Concepts Generation Workshops 
Multiple workshops were set up to generate ideas that can fulfill the derived requirements. The 
workshops were held three times, with three industrial design students who also engaged in the user 
research phase in the beginning. The method of idea generation was not specified. There was no time 
limit, nor amount limit. Additionally, the functional and ergonomic concepts were not exactly divided 
during the workshop. Each concept had influence on the other, so both were considered during the 
process.   
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The initial workshop was covered before the user observation. This was to generate the design 
concepts before the user research period so that they may help user research. During the initial 
workshop, the ventilation idea for the hard hat became clear. This idea was to ventilate the humid air 
captured inside the hard-hat presumably causing the EEG sensor to detect high noise signals. Because 
of this, in the initial concept, the ventilation hole was on the forehead, rather than on sides.  Many 
outcomes were generated during this process but most of them did not make it to the concept 
requirements, as they were mostly generated from imagination. 
 
Figure 12. Outcome of first ideation workshop. 
The second workshop of the process was held in the same manner as the initial workshop, with no 
limits to time and amount. This process was conducted after the user research period, which enabled 
us to go thorough Dimensional Themes’ Matrix when generating concepts. The concepts included in 
this workshop are the LED expression on the hard hat, the EEG sensor attachment methods, and 
others. The concepts generated through this phase have been included into the concept requirements 
also. Additionally, we decided to situate the overall electronical components of the product at the back 
of the hard hat, making it more stable in the center of mass. And the hard-hat shell was designed to be 





Figure 13. Outcome of second ideation workshop. 
The last workshop was conducted due to the understanding of the design group that the generated 
concepts were not sufficient to fulfill the requirements originally created. The concepts included the 
various ways to situate the electronical components and the GND and REF sensors. After this phase, 
in the concept selection phase, the overall concepts were decided. 
 
Figure 14. Outcome of third ideation workshop. 
3.1.2 Concepts Selection & Final Functions List-up 
Even though the concepts were selected in each workshop, each generated concept was revised if it 
interfered with one another. The concepts were revised one by one and collected by listing the 
functions. The concept requirements table was fixed accordingly. Table 6 shows some of the added 
concepts, such as the appropriate center of mass as a ergonomic concept requirements. After revising 
the requirements, the specific concept ideas were selected. The selected ideas will be covered in the 




Table 6. Functional and Ergonomic Concept requirements. 
Functional Concept requirements Ergonomic Concept requirements 
Lightweight Appropriate Center of Mass 
Protection Ventilation for Comfort 
Fasten strap – head Easy Strap on – head 
Fasten strap – chin Easy Strap on – chin 
EEG Detection – 2 Channel Comfortable strap material - forehead 
Ref, GND Detection – 1 Channel Each Comfortable strap material – chin 
Power Supply LED interaction 
Wireless data transfer Vibration signaling 
Charging module Ease of use on/off button 
Vibrating motor Ease of use charging method 
Tac switch … 
LED output  
…  
 
3.2  Symbolic Concept Design 
In the design project, user research was conducted first to understand the user and identify the design 
problems and solution directions. The next step was to design the symbolic concept. This step 
represents creating an aesthetics of an artifact, as it represents symbolic value to the user (Ulrich, 
2011). Symbolic concept, or style concept, was important because a wearable technology can be an 
embarrassing thing to wear, consequently decreasing the comfort (Knight & Baber, 2005). To generate 
style concepts, we generated style concept keywords based on our interpretation of the user research 
data. However, it was found that the initial style concepts of the hard hat represented by drawings had 
a weak connection with the user research outcomes. This was assumed to be because the designers’ 
interpretations were made subjectively and institutively, which is very common in actual design 
practice. To logically connect the research outcomes to the style concepts, another session of keyword 
mapping was conducted. This attempt included not only designer interpretation-based keywords but 
also keywords derived from the user research data. 
3.2.1 Keyword Generation 
3.2.1.1 Initial Method 
Initially, a keyword generation session was conducted based on our knowledge of the users (Fig.15). 
This process was administrated only by the members who participated in the user research process  
(observation and interviews). Because all members had a good understanding of the research data, the 
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keyword generation was not a difficult task. In this process, the group came up with some of the 
product brands that presented relevant atmosphere to our desired outcome. Based on the key brands, 
we branched keywords out while considering the style direction of the smart hard hat. 
 
Figure 15. Keyword generation for the hard-hat design. 
Style concepts through rough sketches were generated and grouped into ten styles (Fig. 16). It was 
difficult to narrow down the style concepts into one direction. After discussing the sketch results it 
came to a mutual understanding that the sketch did not represent the overall context of the user. This 
finding led to revisiting the process and checking where the design went wrong. We discovered that 
the keywords generated were vague and could be translated into many different emotions, which 
apparently led to diverse visual translations. This is because emotion by nature is implicit, and 
inexperienced researchers may have a problem to uncover the verbal descriptors to represent the 
emotional state (Lokman & Kamaruddin, 2010). After the discussion, it was concluded that the 
keywords did not have a reasonable link to the user research data, and therefore decided to reconduct 




Figure 16. Initial style concept sketches. 
3.2.1.2 Broken-Chain Situation 
In the design process, it is necessary for the designers to be aware of the user spectrum, needs, and 
wants. The Contextual Design approach is one way to keep the user’s experience on priority (Beyer & 
Holtzblatt, 1999). This approach defines what the user needs to address, what the system should do, 
and how it should be structured, based on the criterion of data gathered from the users. To gain an 
objective perspective on the target user, it is essential to conduct a user research. The designers need 
to stay with the research result during the whole design process to create a user-friendly outcome. 
However, in some situations, designers may lose a link of the research data to the design outcome. 
Generating design ideas is involved in a mysterious mechanism in our cognitive process (Lawson, 
2006). Because of this, many believe that the design process cannot be logical in design practice. This 
makes designers jump to the idea generation step, ignoring user research results. But this causes 
designers to be lost during the idea generation process and weakens the rationales of their design 
outcomes. This situation happed in our design team. 
This was named a Broken-chain situation (Fig. 17). This is a situation where the designers proceed to 
a design result and lose the link of the initial user research data to the design outcomes. Designers 
commonly expect that they can draw out logical design outcomes while employing Human-Centered 
Design methods. However, in some cases, the design outcome may lose logical connection with the 
initial user research results. Lindemann (2003) shows that the mental contents of the designer often 
play a role in design errors. Thus, in order to navigate away from such errors, the design methods are 
often used in reducing the size of the mental step required in the design process (French, Gravdahl, & 
French, 1985). Figure 17 illustrates that as designers proceed with the design process, the design 
outcome can develop into result B, which has low relevance to the research data compared to result A. 
Its low relevance implies a broken connection between the user research data and the design outcomes. 
This situation would make the designers produce design outcomes that are irrelevant to the user 




Figure 17. Broken-chain situation. 
3.2.2 Integrated Keyword Mapping 
Designers need to consider the users while designing, because involving the users leads to 
satisfying designs (Abras, Maloney-Krichmar, & Preece, 2004). To do that, designers utilize 
various user-focused methods. In our design process, we utilized focus group interviews with a 
wide range of stakeholders and observations (shadowing and fly on the wall). 
We generated keywords from the original focus group data. To successfully regenerate the 
keywords from the user data, the interview scripts and photos from user observations were 
reviewed. After reviewing the research data, keywords were generated based on the actual data, 
while explaining the reasoning for each generation. 
Table 7. Keywords extracted from the user research data. 
Keyword Data Reasoning 
Insurance I would have ended in an accident 
if it weren't for the hat 
hard hat works as an insurance 
Diligence We usually come to the site around 
6 in the morning 
It is a cultural virtue to be diligent 
Equal It's not the military. You don't go 
on ordering workers 
It’s an equal relationship rather than 
subordinates and superiors 
Veteran I started working since 1990 until 
2016 
know-how of the work usually inherits to 
the next generation of workers 
Strong User photo of lifting heavy objects Tough work that requires strengths 
 
3.2.2.1 Keyword Extraction 
Table 7 shows the process and reasoning of the keyword generation. During this process, the data was 
individually reviewed and added with potential keywords along with the associated user research data, 
and the reasonings that support the validity of the keywords. The process produced more than 100 
keywords. After that, the keywords with weak reasons were screened out. Finally, a keyword map was 
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constructed by linking and grouping the remaining keywords according to their meanings. 
The co-evolution of problem solution is a theory suggesting that the iteration between problem space 
and solution space is important in creative design (Dorst & Cross, 2001). Because we discovered the 
keywords from the user data, they are considered to belong to the problem space. After mapping 
keywords into different groups, it was noticed that the map was incomplete and lacking because it felt 
that there were no keywords indicating designers’ holistic interpretation based on their own 
experience with the users. Usually, designers tend to capture solution directions immediately when 
they are exposed to design problems, which Darker (1979) refers to as the “primary generator”. 
Therefore, keywords proposed by designers based on their own interpretation can be considered to 
belong to the solution space. 
3.2.2.2 Keyword Mapping 
The keyword map was supplied with the keywords derived from our holistic interpretation about the 
users and the context (see the words in red in Fig. 18). Finally, because this keyword mapping was 
made to support designers to create style concepts, visually reminiscent keywords were added, which 
can remind us of visual moods of the style direction, such as whales, Admiral Yi, and knights. 
Keywords were collected from three different bases (user research data, designers’ interpretation and 





Figure 18. Integrated Keyword Map. 
3.2.3 Symbolic Concept 
With the symbolic concept, three mood boards were created. The created mood boards were derived 
from three groups from the Integrated Keyword Map: Implicit Purity, Satisfied Uniquity, and 
Persistent Fidelity. Each mood board had four pages consisting of inspiration, form & line, benchmark, 
and color scheme. Four aspects covered in each mood board helped in the design process to generate 
further style concepts. Based on the mood boards, we attempted another sketch variation. After the 




Figure 19. 3 Generated mood boards. 
3.2.3.1 Form Variation 
Additional style concepts (Fig. 20) were created based on the Integrated Keyword Map. The sketches 
were grouped into seven different concepts. By using the Integrated Keyword Map and going through 
well-defined steps starting from the user research data, design outcomes were generated without 
producing a process gap. This also helped to explain how and why our design outcomes were 




Figure 20. Second attempt of style concept generation. 
Then, a specific group of the sketch was selected for further development, as shown in figure 21. The 
selected concept was based on the satisfied uniquity mood board from figure 19. The curvature line 
and the wave resembling style concept was selected. From this point, the design had to be specifically 
established to integrate with the electronical parts and the function & ergonomic design. 
 
 
Figure 21. Selected style concept. 
3.2.3.2 Form Determination 
The refined symbolic concept in 2D sketch was completed as shown in Figure 22. The design was 
established on the actual human scale and designed integrated with the electrical component’s initial 
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concept and the function & ergonomic concepts. A few variations have been made, but overall, the 
style was finalized. However, the limitation of visually interpreting the 2D sketch into 3D imagination 




Figure 22. Refined 2D Symbolic Concept. 
The clay modeling started by setting the basic measurements, which was 200W*250L*150H mm. 
This was created roughly into a laser cut grid. With the created grid, the rough volume of the model 
was created. Afterwards, the symbolic concept’s basic form lines were added for referencing. During 
this process, the form lines were fixed to make it aesthetically pleasing as possible. By setting the 
basic curve lines and referencing from the original finalized 2D symbolic concept, the final model of 
the hard hat was created. The created hard hat was the left half portion. The next step was to transfer 
the clay model into the 3D modeling program. 
 




With the finalized 3D symbolic concept, it was again translated into 2D sketches in order to transfer it 
into 3D digital file. The 2D sketches were created in the actual portion of the clay model, making it 
available to use it into the 3D modeling software for reference. Figure 24 shows the created symbolic 
concept, which is the outcome of the symbolic concept generation phase. 
   
   
Figure 24. Finalized 2D Symbolic Concept. 
3.3 Product Layout & Usage Scenario 
Before starting the 3D modeling into digital software, it was needed to establish the overall layout of 
the product (Fig 25). The product layout addresses of which components are going to be used inside 
the product and how they will be positioned internally. The layout however does not specifically 
describe in detail the design of the product. It was rather used to set the criteria and the plan of the 
products detail development. As shown in Figure 25, the basic components are heat sensor, IMU 
sensor LED strip, EEG sensor, vibration motor, battery, and integrated PCB board. This layout raised 
the question whether the weight on the rear side would be too heavy, and whether it would be needed 
to add counterweight at the front. Previous ergonomic literature study, however, suggested that adding 
counterweight causes more stress onto the neck muscle, rather than decreasing it (Thuresson, Linder, 




Figure 25. Product layout. 
The product layout itself could not specifically describe the Function & Ergonomic functions. To 
explain the specific functions, another table was made. Table 8 shows what the functions are and how 
users will use the concepts. The contents of this table are (from left to right) the user scenario, the 
purpose of this concept, how to use, the effects in use, the structural concept, and the importance rate. 
The concepts are divided into four categories based on how they should be embodied. The blue cells 
describe the electronical part, the yellow cells the analysis of the brainwave part, the green cells the 
product service system part, and the white cells the physical function & ergonomic concept part. All 
these concepts were gathered in one place because one concept can rely on one another. For example, 
although turning on the product through a switch can be made in the electronical part, it also has 
influence over how the user wears the hard hat, because the position and the type of the on/off switch 
can cause disturbance in physical designing. This process was thus used in the next step of design, the 








Table 8. User scenario and list of concepts. 
일반 
순서 








헬멧 전원 스위치를 1 회 클릭하여 
후면부에 위치한 LED 의 색상을 
표시하고 확인한다 
헬멧의 배터리 잔량을 
알 수 있고, 충전이 
필요한지에 대한 
피드백을 사용자에게 
줄 수 있다 
10 개의 소자로 된 RGB LED 
스트랩이 헬멧의 후면부 내부에 
장착되어 외부로 빛을 발산한다. 
후면부 외부에 위치한 







키기 위한 시스템 
전원 버튼은 2 초간 푸쉬하면, 
후면부의 LED 가 세 번 깜빡이며 
전원이 켜진다. 부저가 한번 짧게 
울린다. 
뇌파 측정 헬멧의 
기능이 시작된다 
10 개의 소자로 된 RGB LED 
스트랩이 헬멧의 후면부 내부에 
장착되어 외부로 빛을 발산한다. 
후면부 외부에 위치한 









헬멧을 쓰고 턱끈을 당겨서 클립을 
끼운다 
머리띠 조절과 턱끈 







착용 후 뇌파 
측정이 시작됨을 
알림 
헬멧 측면부에 위치한 진동모터가 두 
번 짧게 울린다(1 회). 부저가 두번 
짧게 울린다(1 회). 
뇌파 측정이 제대로 
되고 있는지 알 수 
있으며, 전원을 키지 
않은 상황을 인지할 수 
있다 
소형 진동모터가 메인 PCB 에서 
나와 헬멧 머리띠 측면부터 











은-염화은 전극이 탄성이 있는 









송신된 뇌파를 LED 의 패턴과 색으로 
매칭해 주변에 뇌파상태를 알린다. 
이벤트(긴급알람, 예방알람, 등등) 





10 개의 소자로 된 RGB LED 
스트랩이 헬멧의 후면부 내부에 











헬멧 측면부에 위치한 진동모터가 네 
번 짧게 울린다. (지속) 부저가 네번 
짧게 울린다. (지속) 사용자의 
휴대폰에 푸쉬알림이 간다  
뇌파 측정이 제대로 
되고 있는지 알 수 
있으며, 착용이 
올바르지 않은 상황을 
인지할 수 있다 
소형 진동모터가 메인 PCB 에서 
나와 헬멧 머리띠 측면부터 





종례, 지시사항 등) 
사용자가 인지해야 
할 일과 알림을 
전달받을 수 있음 
헬멧 측면부에 위치한 진동모터가 
짧게 세 번 울린다(지속). 부저가 
짧게 3 번 울린다(지속). 사용자의 
휴대폰에 푸쉬알림이 간다.  
사용자가 놓칠 수 있는 
중요한 일과 정보들의 
알람을 주변환경에 
구애받지 않고 인지할 
수 있음 
소형 진동모터가 메인 PCB 에서 
나와 헬멧 머리띠 측면부터 









헬멧 측면부에 위치한 진동모터가 
길게 한 번 울린다 (3 번).  부저가 
길게 한번 울린다 (3 번). 사용자의 
휴대폰에 푸쉬알림이 간다  
사용자의 뇌파(알파, 
베타)를 분석하여 
집중력 저하, 피로도 
과도 등으로 인한 
사고를 예방한다 
소형 진동모터가 메인 PCB 에서 
나와 헬멧 머리띠 측면부터 









열감지센서를 이용해 헬멧 내부의 
온도를 측정하여, 위험상황이 인지될 
때 진동모터가 길게 한 번 울린다 
(3 번). 부저가 길게 한번 울린다 
(3 번). 사용자의 휴대폰에 푸쉬알림이 
간다. 
고온의 작업환경으로 
인한 사고를 예방한다 
소형 진동모터가 메인 PCB 에서 
나와 헬멧 머리띠 측면부터 
위치한다. PCB 에 부착된 소형 
부저가 있다. 열감지 센서가 







주변 동료의 위급상황이 인지될 때 
진동모터가 길게 한 번 울린다 (3 번). 
부저가 길게 한번 울린다 (3 번). 
사용자의 휴대폰에 푸쉬알림이 간다. 
주변 동료의 
긴급조치를 빠르게 
시행할 수 있다 
소형 진동모터가 메인 PCB 에서 
나와 헬멧 머리띠 측면부터 









알리는 기능  
헬멧의 측변부에 위치한 
테크스위치를  빠르게 5 번 누른다 
본인 또는 타인의 
위급상황을 스마트 
폰과 같은 전자기기를 
사용하지 않고 빠르게 
알릴 수 있다 
소형 테크스위치가 메인 
PCB 에서 나와, 헬멧 전면부 손이 


















Even with the user scenario mentioned above, it was not enough documentation to understand the 
function as a team. It was essential to provide a documented design rationale of Wave.hat’s functions. 
The main reason for creating such document was to provide the team a design guideline which can 
assist the design embodiment phase. Table 9 does not describe the main functions of the Wave.hat but 
it provides the design rationale behind the product’s features. There are many detail features of 
Wave.hat however, the document only provides with major elements of it’s design. Based on the user 
scenario and rationales, it was possible for the team to engage into the design embodiment phase, 
since those documents worked as a goal for the physical designing.   
Table 9. Wave hat Features and Rationale 
Features Rationale 
Replaceable hard hat  It was mentioned in the interview that the hard hat is required to be replaced in every 
6 months. However, because the components inside the Wave.hat was expensive 
compared to other hard hats, it was necessary to divide the replacing unit and the 
electronic component unit. 
Collecting EEG data from  
users forehead with hair 
with flex sensors 
The EEG sensors were designed to collect brainwave data from the user's forehead. 
However, it was witnessed that hair could be the disturbing factor from collecting 
proper EEG signals. In order to overcome such situation, flex sensors were used to 
penetrate the forehead hair and collect the signal from the forehead skin. 
Visual feedback through LED Even though the brainwave can be collected and used for their benefits, it was 
mentioned in the interview that just making the hard hat heavier would not be good 
for the user. In order to visually show the user how the hard hat is working LED was 
used to give feedback to the viewers. 
Ensurement of overhead buffers 
of hard hat for safety functions 
The top portion of the hard hat had enough space to place all electronical 
components. However, the void space on the top of the hard hat was considered as a 
buffer for possible accidents. So the electronical components were placed on the back 
of the hard hat to ensure other functions of original hard hat.  
Prevention of sweat disturbance 
with EEG signals  
It is known that excessive sweat can cause disturbance in collecting EEG data. In order 
to minimize such circumstance ventilation hole were placed in the front of the hard 
hat to cool off the sweat in the forehead. 
Effective vibration feedback when 
in loud working environment 
Based on the user observation, there were often situations that workers are not in 
contact with their phones nor they can hear the sound feedback from Wave.hat due 
to construction site's loud environment. In order to effectively give feedback to the 
user vibration motor was used. 
Enhancement of signal analysis 
accuracy through IMU sensor 
The IMU sensor data can help analyze the brainwave data whether any significant 
signals are just noise, errors, or actual accidents. 
Measurement of temperature  
in Wave.hat 
When workers are exposed in high temperature environment, there is a potential to 





3.4  Discussion 
This chapter illustrated the concept generation phase and how the concept of the Wave.hat (EEG 
detecting Smart Hard-hat) was developed. The concepts were created in three different aspects: 
Functional concept, Ergonomic concept, and Symbolic concept. The functional and ergonomic 
concepts were developed simultaneously. Although this process is addressed linearly, it was done in a 
parallel order, basically engaging at the different concepts at the same time. As one can see in the 
development of the concept, the basic structure of the functional and ergonomic concept influenced 
the symbolic concept, and the symbolic concept changed some of the detailed concept features created 
in ergonomic and functional concept. This process is arguably an integrated design process, where 
different types of concept are developed simultaneously rather than individually. It was not shown, 
however, whether this process had integration process with the product service system or the 























Chapter 4: Design Embodiment of Wave.hat 
The embodiment process of Wave.hat consists of two phases: the detail design phase, conducted 
through CAD software, and the prototyping process creating multiple physical models to verify the 
functions of the product concept. This process was conducted in accordance to the engineering design 
methods and principles (Ulman, 1992). The starting point of the embodiment was based on the 
previously conducted design layout and functional requirements. 
During the detail design phase, sufficient iteration has been conducted to finalize the form of the 
product. One of the challenges was to integrate the electronic components within the product. During 
the original design prototyping phase, the functional electronic components are given to or selected 
for the previously requiring designers to adjust their design to the specifications of the components. 
During the design development of Wave.hat, however, the electronic components were designed along 
with the product’s construction, giving designers no reference for finalizing the form of the product. 
Because of this, the party responsible for creating electronic components had to work closely with the 
physical product design party to understand the design limitation’s details.  
To verify whether the design works properly in terms of functionality, multiple rapid prototypes were 
created and tested. The first prototype was made to investigate the size and the overall form of the 
product, to check whether there is a distinguishable difference between what is observed through the 
computer screen and the physical prototype. The second prototype’s focus was the specific detail of 
the product's design, more specifically the inner structure of the hard hat, rather than the overall shape. 
This prototype was created to check the conjunctions between the parts of the prototype. It led to a 
model different from the initial model.  
Wrapping up the entire process of the detail design phase, the working prototype was finally 
developed. The working prototype of the smart hard hat was then verified whether it appropriately 
carries out its main functions, i. e. detecting the user’s brainwave, temperature, and position data, and 
whether it’s suitable for wearing on the human head. 
4.1 Detail Design 
The goal of the detail design step was to determine the shape, structure, and material of each 
component and define their interaction and connecting structure through engineering design method. 
This was represented with a 3D CAD model containing all necessary information for fabricating 
working prototype whose all required functions work properly. In this step, there are two big types of 
iteration. The first one is the iteration of the form. This iteration was needed because when 
transferring the clay model into 3D data, the details of the curvature of the product had to be precisely 
designed, lest it bears small fatigue when prototyped through a 3D printer. 
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The next type of iteration concerns the structure. Because the inner structure of the product was 
required to be assembled manually, and because the specific functions of the inner components of the 
hard hat are required to work in a certain way, the structure was required to be tested through rough 
rapid prototyping and validated.  
This chapter will only cover the detail design part, which consists of the changes and refinements 
made through engineering design process in a 3D software environment. But since this process was 
continued simultaneously with the rapid prototype and received its effect, it was not an independent 
process, but a multiple integration within the electronical design party. 
4.1.1  Detail Design of Form 
To successfully copy the form of the clay model into a 3D software, the front, top, and side views of 
the symbolic concept were referenced in the beginning. Based on the 2-dimensional form, a big chunk 
of the product has been developed as shown in Fig. 26. 
 
Figure 26. multiple attempts of creating a main form. 
This main form has gone through many attempts because it required a clean surface of the hard hat. 
The digital form of the product was insufficient to show the details of the surface’s continuous flow, 
so the evaluation with stripes was used with an embedded tool in Solidworks software. After the 
evaluation of each step, another attempt was taken with different methods of creating the main body. 
As a result, the final form of the main body was created with continuous surface curvature as can be 
seen in rightmost photo of Figure 27. 
 
Figure 27. Curvature evaluation of multiple attempts of main body design. 
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Before starting the design of the internal structure design of Wave.hat. It was important to check the 
position of the original hard hat, so that when the prototype is worn by the user, it would work 
similarly to the original existing hard hat. Side view pictures of several existing hard hat were taken, 
each with different type and shape to be evaluated and used for reference (Fig 28) when creating the 
inner structure. 
 
Figure 28. Side view of existing hard hats. 
4.1.2  Detail Design of Internal Structure 
4.1.2.1 Defining the electronical component’s Shape & Size 
After creating the main body of Wave.hat, an internal structure able to support the main features of the 
design was created. We started by creating the rear part of the hard-hat, which was intended to store 
the main electronic components. In this step, it was important to create enough volume that can 
sufficiently store the components. In order to do so, the functional electronic component’s prototype 
was used as a reference, as shown in Figure 29. 
 




With the existing electronic component, multiple attempts have been made in digital environment, to 
suggest to the electronic component designing party. As seen in figure 30, the initial attempt was only 
to see the maximum size of the electronical component that the model can manage. This whole 
volume was to see if it is capable to embed all required components. The second attempt was to 
expand the component’s size to include its structure to assemble properly into the product. However, 
with multiple discussion with the electronic component design party, the final size and structure of the 
component was designed as shown as the rightmost model in Figure 30. The final structure and the 
shape of the electronical component was integrated along in the process to find the reasonable size 
and shape. 
 
Figure 30. Defining the electronical component’s shape and size. 
As the size was defined, it was also important to check how the electronic component should work 
and structured specifically. Thus, based on the 3D model, and through multiple discussions with the 
electronic component designing party, a simple guideline was created (Fig. 31). When making this 
guideline, it was possible to understand each party’s design limitations and thereby create the most 
reasonable shape. 
 




4.1.2.2 Defining the Connecting Structure 
After determining the shape of the component, it was important to create a connecting structure 
between the electronical component stored part and the main shell of the Wave.hat. Initially, the 
connecting structure was designed using the buckle feature seen in the left of figure 32. When it was 
created in the rapid prototyping phase, however it was not able to connect the two product’s part 
together because of the angle of each buckle. Therefore, the second attempt was made, as shown in 
right picture of Figure 32, where the buckles are connected with small screws. This design decision 
was clearly not the greatest solution, because it results as using more metal screws instead of using its 
own structure for the connection. The time limitation of the design process, however, has pushed us to 
go along with this model. 
 
Figure 32. Connecting structure development of 2 different components of Wave.hat. 
The other structure design factors include the connecting structure between the harness and the shell 
of the Wave.hat. The position and the size of the connecting structure were carefully designed to 
withstand the force coming from outer impact. As shown in Figure 33, the initial development of the 
connecting component was designed, and like the connecting structure previously described, this too 
was verified for proper performance during the rapid prototyping phase. As a result, the design shown 
in the right of Figure 33 was selected as the final design of the connecting structure. This design was 
selected to enable the harness to move inside the shell of the product, helping users to adjust the size 




Figure 33. Development of connecting structure between harness and the shell of Wave.hat. 
As a result of this detail design process, one final model of the Wave.hat was designed (Fig. 34). This 
design itself has had many attempts and iterations. Therefore, the final 3D data of the product was 
solely created by the industrial designer who has communicated with various parties. 
 
Figure 34. Final 3D model data of Wave.hat. 
39 
 
4.2 Design Implementation 
When realizing the design into a physical working prototype, several concepts of the detail structures 
created in a digital environment were made into physical models, in order to verify their functionality. 
Based on those implementations, multiple refinements were made to finalize the 3D digital model. 
After this process, a final working prototype was created to implement the combined functions and 
the overall symbolic concepts. 
4.2.1 Implementation of Form 
Initially, the main body of Wave.hat was printed through a 3D printer (Fig. 35). The harness from the 
conventional hard hat were attached inside the printed model to make it wearable. This was needed in 
the process to check the overall form, shape, and size. The product’s type being a wearable device, the 
size was an important factor for the actual user. If it were not wearable, refinements would become 
necessary. To test this, more than five random subjects were asked to try on the prototype and give 
opinions of the overall comfort compared to the conventional hard hat. As a result, the overall shape 
and size were refined moderately in accordance with the subjects who suggested it was small for their 
size. 
 
Figure 35. 3D printed mock-up and conventional hard hat (Left), Inner part of mock-up (Right). 
Afterwards, with the 3D printed mockup, several pictures were taken to check the overall shape (Fig. 
36). In this step, it was important to see if the product still seems aesthetically pleasing when worn by 
the actual user. Because a wearable device, unlike stationary products, represents the user in a 
symbolic way and thus must fit into the user. Through the photos shown in Fig. 36, it was possible to 




Figure 36. 3D printed mock-up worn and held by user. 
4.2.2 Implementation of Structural and Functional Concept 
Other than testing the size and shape, it was important to check the functionality of the product. In this 
step, multiple trials occurred, including the implementation of the connecting structure of shell and 
electronic component connecting the buckle structure and the shape of the harness inside the product 
(Figure 37). While examining the buckle structure, it was discovered to be unable to fit inside the hard 
hat because of the asymmetry of the directions of buckles. This caused interference when assembling 
the components together. Next implementation was about the assembly of the harness inside the hard 
hat. The component has been laser cut and made from PE material. Initially, the component was 
created in 2mm thickness. It was too thick, however, without sufficient flexibility. Hence, it was later 
changed to 1mm thickness. The prototype of the harness went through many iterations, resulting in 
more than 16 different versions. 
 
Figure 37. Buckle structure prototype (Left) and Harness prototypes (Right). 
4.2.3 Implementation of Internal Interference Design 
The back side of the product, which contains the electronical components, was also tested to see if it 
can successfully integrate the electronical components without any interference (Fig. 38). Fortunately, 
the electronical components fitted tightly to the product. There were, however, components embedded 
inside the PCB that may cause interference. Thus, slight changes were made in the final model. Other 
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than such minor changes, there were no iterations made. This process was conducted with the 
electronical component designing party, because basic knowledge of the electronical specification was 
not shared by the product design party. Finally, both parties were able to see the limitation and the 
direction of the model, enabling both to proceed to the next step. 
 
Figure 38. Validation of connecting between electronical component and product structure. 
4.2.4 Implementation of Symbolic Concept 
Finally, for the symbolic concept, implementation of symbolic concept mock-up was covered (Fig. 
39). This was also created with a 3D printer. It was a much precise version than the initial trial. It was 
needed to be created into a physical concept mock-up because it was important to check the colour 
and the overall aesthetics. After such attempt, it was possible to successfully select the colour code for 
the final working prototype. 
 
Figure 39. Symbolic concept prototype. 
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4.2.5 Implementation of Electronic Components 
A working prototype has been made in the final phase of the project. During this phase, the overall 
function concepts and the symbolic concepts were implemented and tested. Before assembling the 
components, final revision was made to each of the components. Those were the test of the function 
of electronic components, capabilities of the connecting structure, shape, and size of the overall 
components etc. It was checked whether the electronical components fully transfer the EEG data, the 
IMU sensor data, and the temperature data to a desktop computer through a Bluetooth module, and 
whether the tact switch initiated the LED and the vibration motor.  
With all the components made based on the final 3D digital data and from the electronical component, 
it was assembled (Figure 40). In this process, however, unforeseen minor interferences occurred. The 
small problems discovered were manually resolved by carving the components and rearranging the 
electronic lines. This was not difficult, since the changes did not require a reproduction of any large 
components. Finally, the components were assembled successfully. 
 
Figure 40. Assembling process of Wave.hat. 
After the assembly of the electronical components inside Wave.hat, it was then checked on a trial 
basis whether if the embedded sensors were successfully collecting the data. The measured data was 
from EEG, Thermo, IMU sensors. Figure 41 shows the real time data collection through the sensors. 
Multiple stimuli were given to the assembled prototype to verify if it properly collects the data 
through the sensors and has no delay. The stimulus contains 1) tilting the Wave.hat to see the data 
change in IMU angle data, 2) covering the thermo sensor with fingers to see the data change in 
temperature data, and lastly 3) touching the EEG sensors if it reacts to skin’s electronic signals.  
Because the real time data from the sensors were visible and has corresponded to those stimulus it was 




Figure 41. Real time data from IMU, Thermo, EEG sensors. 
However, there was no guarantee whether if the collected data was the proper data without any errors, 
that can be considered as fully functioning Wave.hat. To verify this, it would be crucial to experiment 
this function by collecting the data through multiple random users and analysing them professionally 
within the hands of proper specialist. This university-industry cooperation project, however, even 
though the goal was to make a functioning prototype, did not include such process as a scope. Rather, 
it was considered to be taken in further development. Therefore, as a project leader, it was needed to 
conclude this project at such status considering the remaining time and resources. Hence, the 
assembling process to finalize the prototype went into action. Afterwards, the final working prototype 




Figure 42. Working Prototype of Wave.hat. 
4.3 Discussion 
The design embodiment of Wave.hat has been addressed in two sub-chapters: the detail design and the 
prototyping phase. It was divided into two groups in order to effectively address the task underwent 
during that period. The sub-chapters were not illustrated in linear order, however. The 
abovementioned tasks happened in a mixed process where one outcome effects the other.  
Such design iteration has been observed in an integrated design process of industrial design and 
engineering design. In the conventional design process, the designer would initially make the 
symbolic concept mockup and toss the result to the engineer. The engineer would eventually 
reconstruct the outcome from the design department forced to change the shape and size unwillingly. 
During the design process of Wave.hat, however, such iteration difficulties did not happen. This was 
because the designer took a leadership in defining specifications, shapes, connecting structure, etc. of 
every mechanical and electrical component and creating the final working prototype. In addition, the 
designer expressed his capability of understanding the role of the engineering department, in this case 
the electronic component design party. Therefore, the design leadership enabled the whole project’s 
process to be more compact and efficient (Kim, 2016). This was made possible because the designer 
helped the electronic component design party understand the limitation of the design and the tasks to 
be overcome to make a successful product. 
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Chapter 5: Conclusions 
This thesis has described the development process of Wave.hat. It showed how Wave.hat was 
developed through an integrated design process of industrial design and engineering, approaching the 
functional, ergonomic, and aesthetical designs in an integrative, cooperative way over the process. 
This includes the user research phase that made the final working prototype. During this process, 
several freshly created design methods were used, and multiple iterations in the detail design process 
occurred. Most of all, the overall process in this project was conducted through a design leadership 
uncommon in a conventional industry. The role of the industrial designers changes over time. In this 
project, a designer has managed the whole project by covering tasks that are not commonly 
considered to be an industrial designer’s role. In figure 43 (Ulrich, 2003), the orange highlight shows 
what industrial designers are required to do, which is undoubtedly a relatively small portion in the 
whole development process. However, this research additionally covered the green highlighted tasks, 
which is a necessity for an industrial design-based product development manager to create a design-
driven innovation. 
 
Figure 43. The generic problem generation Phase. (Source: Product Design and Development, Ulrich 
2003) 
Conclusively, handing the leadership role to an industrial designer, this research has created not only 
an industrial design concept, but also many other learnings acquired from various tasks traditionally 
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labelled as an engineering designer’s job, such as defining part geometry and product architecture. 
Including such knowledge in the design research is considered important, because it supports every 
decision-making in the process. This is called design rational (Szykman, Sriram, & Regli, 2001) and 
encompasses the broader context surrounding the product development process. Many designers, 
however, are normally quite unlikely to invest hours annotating their designs with rationales. 
Compared to such situations, this thesis documented the entire process, including the tasks that 
industrial designers are not considered to take a major role in. This will hopefully make this research 
more readily comprehensible.    
The outcome of the project will be used in the actual industry for the start-up company that was the 
member of university-industry collaboration team. The whole data of the product, including the shape 
and size of Wave.hat, the functional description, aesthetic features, user research data and integration 
of electronic component into the product, shall be used to meet the industry’s benefit. 
The design tools described in the early process of the design of Wave.hat (A Dimensional Themes’ 
Matrix & Integrated Keyword Mapping) will also be referenced to those facing a similar challenge. A 
Dimensional Theme’s Matrix can be used to map the user data to understand the overall user activity, 
and Integrated Keyword Mapping process can be used to tackle a broken-chain situation, where a 
designer loses connection between the user research data and the design outcome. Such design tools 
were created along the process and can be modified by other designers in accordance with their design 
project’s context.   
Finally, among the outcomes of this research, Wave.hat itself is noteworthy as newly designed 
wearable device. Because the process of the design has been carefully documented, it can be a guide 
to other designers engaged in a similar design project.  
In the later design process, the Wave.hat would need to be validated to fulfil the specification of its 
safety. This is needed because this design process only covered a design journey up until making a 
working prototype. Hence, the prototype’s material and the manufacturing process would need to be 
the same as the ones that conventional hard hats undergo. After that, the strength of the Wave.hat’s 
shell can be tested for the capability of protecting the wearer’s head. Therefore, the project needs to 
continue its iteration, even leaving room for the possibility of changing the shape of the product.   
In conclusion, the integrated product development process of Wave.hat was led by the author, a 
product designer, where other conventional product development procedures are led by engineering or 
marketing specialists, making this development process stand out from the others. Furthermore, it can 
help the reader understand how designers can lead a product development process. One may even say 
that the designer-led product development process has the potential to decrease the amount of 
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Appendix D: 2D Symbolic Concept 
 
 







































헬멧 전원 스위치를 
1 회 클릭하여 
후면부에 위치한 
LED 의 색상을 
표시하고 확인한다 
헬멧의 배터리 






10 개의 소자로 된 RGB LED 
스트랩이 헬멧의 후면부 
내부에 장착되어 외부로 빛을 
발산한다. 후면부 외부에 










전원 버튼은 2 초간 
푸쉬하면, 후면부의 
LED 가 세 번 깜빡이며 
전원이 켜진다. 부저가 




10 개의 소자로 된 RGB LED 
스트랩이 헬멧의 후면부 
내부에 장착되어 외부로 빛을 
발산한다. 후면부 외부에 











헬멧을 쓰고 턱끈을 











착용 후 뇌파 
측정이 시작됨을 
알림 
헬멧 측면부에 위치한 
진동모터가 두 번 짧게 










소형 진동모터가 메인 
PCB 에서 나와 헬멧 머리띠 
측면부터 위치한다. PCB 에 












은-염화은 전극이 탄성이 있는 










송신된 뇌파를 LED 의 




예방알람, 등등) 발생시 






10 개의 소자로 된 RGB LED 
스트랩이 헬멧의 후면부 












헬멧 측면부에 위치한 
진동모터가 네 번 짧게 
울린다. (지속) 부저가 











소형 진동모터가 메인 
PCB 에서 나와 헬멧 머리띠 
측면부터 위치한다. PCB 에 











헬멧 측면부에 위치한 
진동모터가 짧게 세 번 
울린다(지속). 부저가 










인지할 수 있음 
소형 진동모터가 메인 
PCB 에서 나와 헬멧 머리띠 
측면부터 위치한다. PCB 에 
부착된 소형 부저가 있다. 
12 







진동모터가 길게 한 번 
울린다 (3 번).  부저가 
길게 한번 울린다 









PCB 에서 나와 헬멧 머리띠 
측면부터 위치한다. PCB 에 








헬멧 내부의 온도를 
측정하여, 위험상황이 
인지될 때 진동모터가 
길게 한 번 울린다 
(3 번). 부저가 길게 







소형 진동모터가 메인 
PCB 에서 나와 헬멧 머리띠 
측면부터 위치한다. PCB 에 
부착된 소형 부저가 있다. 









위급상황이 인지될 때 
진동모터가 길게 한 번 
울린다 (3 번). 부저가 
길게 한번 울린다 







소형 진동모터가 메인 
PCB 에서 나와 헬멧 머리띠 
측면부터 위치한다. PCB 에 








알리는 기능  
헬멧의 측변부에 
위치한 테크스위치를  







빠르게 알릴 수 
있다 
소형 테크스위치가 메인 
PCB 에서 나와, 헬멧 전면부 
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